NSTX PLASMA START-UP USING TRANSIENT COAXIAL HELICITY INJECTION
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Future toroidal magnetic confinement fusion plasma
devices such as the Component Test Facility (CTF)
require non-inductive toroidal current drive. A new
method of non-inductive startup, referred to as transient
coaxial helicity injection (Transient CHI), has been
developed on the Helicity Injected Torus (HIT-1I)
experiment and the National Spherical Torus Experiment
(NSTX). In this method, plasma current is produced by
discharging a capacitor bank between coaxial electrodes
in the presence of toroidal and poloidal magnetic fields
chosen such that the plasma rapidly expands into the
chamber. When the injected current is rapidly decreased,
magnetic reconnection occurs near the injection
electrodes with the toroidal plasma current forming
closed flux surfaces. In NSTX, transient CHI has
demonstrated closed-flux current generation of up to 160
kA, without the use of a central solenoid. Detailed
experimental measurements made on NSTX include fast
time-scale visible imaging of the entire process.

L. INTRODUCTION

The spherical torus (ST)' concept has advantages as a
result of its low ratio of plasma major radius to minor
radius, which allows a high ratio of plasma pressure to
toroidal field pressure (§) and a high fraction of bootstrap
current. As a result of this low-aspect ratio, it is
important for the next generation of ST experiments, and
essential for an ST reactor, that the central solenoid be
replaced by other means of plasma current drive. Non-
inductive means to initiate and maintain a plasma
discharge are, therefore, very important.

The National Spherical Torus Experiment (NSTX) is
investigating the use of coaxial helicity injection (CHI)?
as a method to produce the initial plasma and sufficient
toroidal current to provide a target that is sufficient for
other forms of non-inductive current drive to ramp-up and
maintain the toroidal plasma current.

Fig. 1 shows a cross-sectional view of NSTX. The
stainless steel vacuum vessel (major radius 0.85m) is

electrically separated into inner and outer sections by
means of toroidal ceramic rings at the top and bottom of
the center column such that the inner divertor is isolated
from the outer diverter. The plasma facing surfaces that
are close to the plasma, including the divertor plates, are
covered with graphite tiles. Refs. 3 and 4 describe the
NSTX device in more detail and present recent
experimental results respectively.
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Fig. 1. Cross-sectional view of NSTX. The major radius
of the vessel is 0.85 m, the interior height is 3.2 m



CHI discharges are initiated by first providing
toroidal field and an initial poloidal field that connects the
inner and outer divertors as shown schematically in Fig.
2. When gas is introduced into the volume below the
lower divertor gap and a voltage (1 to 2 kV) is applied
across the gap, a discharge forms and current flows from
the outer to the inner divertor plates. The current
essentially follows the helical field lines. When the
discharge first forms, the plasma is near the divertor gap,
which we call the injector region. The region at the top of
the machine is referred to as the absorber. As the injector
current (i) linking the inner and outer divertors
increases, the J,o X Brp force overcomes the field line
tension and the plasma expands up into the main chamber
as shown in the fast camera frames in Fig. 2, until it fills
the torus volume. The top frame in Fig. 2 shows the
plasma after Ij,; is reduced to zero, after which, the
measured toroidal current, I,, decays to zero with a decay
time constant of approximately 5 ms.
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configuration on the left. On the right are shown fast TV
images of the plasma evolution. Notes: the first light in
the injector region was visible after 5.15 ms and the
image from 10.004 ms is after the injector current
returned to zero.

II. TRANSIENT CHI

The first CHI experiments on NSTX’ attempted to
reproduce the results observed on HIT-1° and HIT-1I’
wherein non-axisymmetric magnetic reconnection and
relaxation were employed to initiate and sustain a plasma
discharge. These experiments used programmable
rectifier power supplies to supply the injector voltage
(Vinj) between the inner and outer vessel sections. Up to
400 kA of toroidal current was produced in these “steady-
state” CHI discharges in NSTX where the resistive decay
time scale of the plasma was much less than the discharge

duration. There was little evidence that the plasma
formed on closed field lines; the discharges generally
terminated early due to arcs before the planned end of the
discharge; and the high power (up to 30 MW) used to
drive the CHI discharge was not compatible with the
power handling capability of the plasma armor for long
times. Instead a new technique, called transient CHIg,
was developed on HIT-II, to provide a plasma suitable for
I, sustainment or ramp-up by other means. In this
technique the application of Vi, is of short duration,
typically less than 4 ms, so that Ij,; is forced to zero
quickly after formation of the discharge. In this method
the initial poloidal field configuration is chosen such that
the plasma rapidly expands from the injector region into
the main chamber.

There are several requirements to make transient CHI
work.First, there must be enough energy in the voltage
supply to provide enough I;y; to overcome the field line
tension and exceed the “bubble burst” condition
Ly = lejiznj l(uld*I;y) where It is the total toroidal field

current through the center of the torus, d is the width of
the injector flux footprint on the electrodes and 1jy; is the
poloidal flux linking the injector insulating gap.’

Second, the CHI discharge must fill the vessel
quickly to keep required duration of Vi, short. This is
dependent upon the applied Vi, since this determines the
rate at which toroidal flux (¢;) crosses the injector and
absorber gaps: Vipj = d¢y /dt. In NSTX with By =03 T
on axis, ¢y ~ 1.4 Wb inside the vessel. For 2 kV, the time
needed to replace all the ¢; within the vacuum vessel is
about 0.7 ms. This pulse duration is easily supplied by the
capacitor bank for NSTX.

Third, the energy stored in the capacitor bank must
be enough to fully ionize and heat the injected gas. It
requires about 50 eV to ionize each atom and an
additional 60 eV to heat each ion to 20 eV. In order to
reduce the quantity of gas required to initiate CHI, it was
necessary to move the CHI gas injection port from the
main chamber to the small, enclosed volume (~100 I)
below the lower divertor gap. Furthermore, 10 kW of 18
GHz microwave power was injected into this cavity to
preionize the gas. Together these changes reduced the
total gas needed to achieve breakdown and the energy
needed to ionize and heat the gas was lowered to a few kJ,
less than is available from the capacitor bank.

Fourth, the capacitor must be able to supply the
magnetic energy due to the toroidal plasma current,
1/2L,1;,
E.,= 1/2CV? and the inductance of typical NSTX
plasmas with closed flux surfaces is about 0.5 wH, this
limits I, to about 500 kA with the present capacitor bank.

Fifth, the flux footprint of the initial CHI plasma
must be narrow enough to make the distance over which

where L, is the inductance of the plasma. Since



reconnection needs to occur small, but large enough to be
consistent with meeting the "bubble burst" condition.

Finally, applying high voltage to the vacuum vessel
raises the possibility of both internal arcs across the
insulators and external arcs from the vessel to ground.
Because the plasma represents a variable load to the
injector voltage, large voltage spikes well in excess of that
applied can be produced. With the use of only 1 kV on
the CHI electrodes, voltage spikes > 3 kV were measured
which sometimes these resulted in external arcs. In order
to reduce these voltage spikes analysis indicated that both
AC and DC transient suppression is required. Transient
suppression on the microsecond timescale is
accomplished by use of a capacitive snubber circuit close
to the vacuum vessel connected by low inductance leads.
Suppression on longer timescales is provided by metal
oxide varistors (MOV) connected in 4 parallel groups of
160 parallel modules. The current and voltage curve of
the MOV assembly is shown in Fig. 3. This combination
has limited the transient voltage spikes to 2.2 kV with Viy;
= 1.7 kV. In addition, because internal arcs in the
absorber region at the top of the vessel, called absorber
arcs, had previously resulted in the extinguishment of the
desired discharge across the injector, the upper insulator
region was redesigned.'” The upper ceramic ring was
replaced by a much larger alumina insulator that was
effective in reducing the incidence of absorber arcs and
increased the impedance of any absorber arcs that did
occur so that they did not cause termination of the desired
discharge.
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Fig. 3. The current through the 640 MOVs connected in
parallel is a non-linear function of the applied voltage.
This assembly acts to limit the voltage as the plasma load
impedance fluctuates.

The procedure to produce transient CHI discharges is
as follows. The toroidal field current is ramped up to its
desired value and the initial vacuum poloidal flux is
supplied at t = 0. The pre-programmed amount of
deuterium is then injected and the microwave pre-
ionization is applied in the volume below the lower
divertor gap. The pre-charged capacitor bank is

connected to the inner and outer vessel by an ignitron
switch with the outer vessel acting as the anode to form a
discharge, typically starting at 5 ms. After a pre-
programmed time (typically 3 to 5 ms) chosen to allow
the plasma to expand into the vessel volume and at a time
near the peak in the toroidal current, the capacitor bank is
shorted into a low resistance by a second ignitron. The
injector current then falls rapidly to zero and the plasma
detaches from the electrodes to form closed flux surfaces.
Since there is no current flowing across the divertor gap
while the toroidal plasma current persists for several ms,
it is clear that the plasma current is flowing on closed
field lines.
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Fig. 4. The injector current is zero at 9 ms when the
toroidal current is 160 kA. The 4 vertical lines in the top
of the figure indicate the times of the 4 fast camera
images from the same shot which are shown in the lower
portion of the figure.

III. EXPERIMENTAL RESULTS

Traces of plasma current, injector current, and fast
TV images for one of the highest current discharges that
has toroidal current flowing only on closed field lines are
shown in Figure 4. It is clear that the plasma grows to
fill the vessel volume. In this case, as was the norm for
the very highest current shots, an absorber arc occurred at
the top of the machine, but the arc did not result in
termination of the discharge. The current trace labeled
injector current is actually the sum of the currents across
the injector and the absorber gaps; the current is measured
in the leads going to the vacuum vessel and there is no
measurement of the current through the vacuum vessel.
At about 9 ms, when the injector current falls to zero, I, =
160 kA and after that the plasma decays resistively. It is
worth noting that the poloidal coil currents varied only
slightly during the plasma duration to center the plasma
vertically and the ohmic solenoid was not used at all.
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Fig. 5. Flux plot from EFIT analysis compared to fast
camera image at the same time.

After the plasma becomes detached from the
injector, the plasma current decays to near zero in about 8
ms. During this decay phase when there is no current
flowing on open field lines, the EFIT code'' can be used
to analyze the magnetic data. Fig. 5 shows a flux plot at
12 ms during the current decay phase, 3 ms after Iiy; = 0,
with a fast camera image from the same time. There is
respectable agreement between the flux plot and shape of
the plasma image. The electron temperature and density
profiles were measured by Thomson scattering. The
Thomson system on NSTX employs 2 lasers that each

operate at 30 Hz, but can be adjusted so the laser pulses
can occur close together in time. Fig. 6 shows the
temperature and density profiles for 2 similar discharges
at the peak of the current (8ms) for each discharge and at
10 ms and 12 ms in the two discharges. The temperature
and density at 8 ms in each discharge is hollow. With
time, the profiles become less hollow and the temperature
falls from its early value of 20 eV.

IV. DISCUSSION

The present results from NSTX results represent
demonstration of a world record non-inductive start-up
current of 160 kA on closed flux surfaces in a toroidal
magnetic configuration. It is important to remark upon
how the results project to future devices. For NSTX
transient CHI discharges that do not have absorber arcs,
the observed current multiplication ratio, I/Ii, over 60 is
notable because it about 10 times the ratio of 6 to 7 for
HIT-II transient CHI discharges.® This can be understood
from helicity and energy conservation that indicate the
maximum ratio of I;/I;,; that can be achieved scales with
YAy Where Y is the toroidal flux inside the vessel.®
The improvement from HIT-II is then consistent with the
approximately 10 times greater Wy in NSTX at similar
values of the Br due to its larger volume. Future larger
devices will have higher yr/Ap;,; ratios and may continue
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Fig. 6. Electron temperature and density profiles from Thomson scattering measurements at the peak of the current and
during the current decay phase. Vertical bars in the current vs time plots indicate the Thomson times.



this positive scaling, however, the 6 conditions discussed
in section II must be met. Of these conditions, most can
be met by appropriate choices of gas fueling, capacitor
size and charging voltage. As the size of the device
increases, the connection length between the electrodes
will increase, so Vi, required to produce the discharge
will rise. Voltage standoff considerations will eventually
place a limit on the amount of current that can be
produced. For example, a 1 MA ST discharge with L, =
0.5 uH would have a magnetic stored energy of 250 kJ,
less than half the energy that could be supplied by a 50
mF capacitor charged to 5 kV. Such a capacitor would
easily supply the 50 Coulomb charge needed for a 5 kA,
10 ms duration injector current, which would be more
than enough to meet the bubble burst condition. The
connection length from one electrode to the other,
however, increases as Y1/, which, assuming the same
resistivity, requires a Vi,/li, to increase proportionally.
Taken together these imply that the achievable I, will
scale as Vi, which has practical limits.

Finally, in order to ramp I, further with other means,
it may be necessary to heat the discharge above the
presently observed 20 eV to a few hundred eV in order to
improve coupling to RF current drive techniques.

V. SUMMARY

Using the method of transient CHI, world-record
non-inductively start-up plasma current flowing on closed
field lines in a toroidal confinement device of 160 kA has
been unambiguously achieved. The resulting plasmas
have electron temperatures of about 20 eV and decay
resistively in several ms.  Planned future experiments
will include study of the scaling of the start-up current
with injection voltage, toroidal field and the initial
poloidal flux pattern.
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